The electrodynamic properties of Au 1−x Fe x films are measured for various Fe contents x = 0, 6, 17, and 22 at. %. From room-temperature optical measurements over a broad spectral range ͑10-3.3ϫ 10 4 cm −1 ͒, we obtain the frequency-dependent conductivity of the films. As the iron concentration increases, a stronger decrease in the magnetic contribution to the dc conductivity compared to ac conductivity ͑at frequency 10 cm −1 ͒ is detected. In addition, a broad absorption peak is discovered at frequency 1000-3000 cm −1 for concentrations of 6 -22 at. %. Both observations are associated with ferromagnetic clusters that cause partial localization of conduction electrons.
I. INTRODUCTION
In spite of a long history of intense theoretical and experimental research, there are still quite a number of unresolved problems concerning the nature and the properties of the spin-glass state.
1,2 Some of these problems concern the nature of the phase transition to the glassy state; for instance whether this transition can be considered as a thermodynamical phase transition since the spin-glass phase is completely disordered. Other properties are also not completely understood yet, such as the magnetic memory and hysteresis effects, the mechanisms of magnetic interactions in systems with different concentrations of magnetic component, etc. These open questions put spin glasses among the most interesting topics of modern solid-state physics and call for further experimental and theoretical research.
Since delocalized electrons play a fundamental role in mediating the Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ interaction between the magnetic inclusions and in forming the spin-glass state, the investigation of their properties is of basic importance. A direct way to do so is provided by measuring the electrical resistivity as a function of temperature, ͑T͒. In a series of thorough experiments on the most comprehensively studied material, AuFe, [3] [4] [5] [6] [7] the rather intricate behavior of ͑T͒ is observed which reflects the complexity of the spin-glass phenomenon. At the lowest temperatures ͑around 1-2 K͒, the magnetic part of the resistivity magn ͑i.e., the difference between the measured resistivity and the resistivity Au of the host, pure Au͒ obeys the dependence magn ͑T͒ ϰ T 3/2 . Upon heating and approaching the transition ͑freezing͒ temperature T f the dependence transforms into the linear one, magn ͑T͒ ϰ T. At even higher temperatures a decrease in magn is seen leading to a broad maximum. The resistivity is strongly dependent on concentration x of the magnetic component. Three correspondent regimes can be distinguished in AuFe. At low concentrations, x Ͻ 0.5 at. % of iron, the Kondo-type scattering off of independent moments prevails at low temperatures. Around 8 -10 at. % Fe, the Fe magnetic moments experience the RKKY interaction and the spin-glassy state emerges. In alloys with higher concentration of up to approximately 15 at. %, complicated electronic and magnetic behaviors are observed which, in addition, are connected with the formation of ferromagnetic iron clusters. In this range of concentrations, electrons are believed to scatter off both clusters and those unordered Fe moments which do not belong to the clusters. For even higher concentrations ͑above 15-18 at. %͒, the properties of the material are determined by a complicated interplay of the RKKY interaction between isolated Fe moments and the direct-exchange intercluster and interionic interactions. It is assumed that the maximum of magn ͑T͒ appears due to the competition between the low-temperature scattering of electrons located within the matrix of unordered frozen impurity magnetic moments, on one hand, and high-temperature modified Kondo-type scattering off clusters, on the other hand. However, there is still no microscopic theory or model which could reproduce the observed magn ͑T , x͒ behaviors and provide more insight into the physics of spin glass and cluster states in AuFe and other representatives of this material class.
Optical spectroscopy is the most suitable tool to study the dynamics of charge carriers for it gives complementary information on their microscopic characteristics such as mobility, concentration, scattering rate, plasma frequency, etc. 8 Recently we have applied optical spectroscopy for the first time to investigate spin glasses. 9 At room temperature an increase in the carrier scattering rate with growing x was found to be caused by electron collisions with magnetic moments of Fe. In the spin-glass phase, at T = 5 K, a pseudogap in the conductivity spectrum for the x = 6 at. % composition was detected with the magnitude close to the RKKY energy for AuFe, ⌬ RKKY Ϸ 2.2 meV, and the origin of the pseudogap was associated with partial localization of electrons which mediate the RKKY interaction between localized Fe centers.
Here we present results of our optical investigation of AuFe alloys with significantly higher concentrations of iron in the gold matrix. Our aim is to study the influence of cluster effects on the electronic properties of AuFe and to investigate the crossover from spin-glass state to a dilute ferromagnetic or macroscopically ordered state.
II. EXPERIMENTAL DETAILS
To prepare the thin films of AuFe used in this study, the high-purity metals were cosputtered onto high-resistive crystalline silicon substrates ͑of size 10ϫ 10 mm 2 and thickness of about 0.5 mm͒. Before the argon sputter gas was admitted, the equipment was pumped down to UHV conditions of a pressure of 10 −7 Torr to prevent oxidation of the films during fabrication. The films were analyzed using Rutherford backscattering and electron microprobe analysis; the film thicknesses ͑approximately 35 nm͒ and compositions were found to be homogeneous. Measurements of the magnetic susceptibility and relaxation of low-energy muons performed on films of the same batch and with lower Fe content reliably indicate the transition to the spin-glass state ͑see Ref. 10 and references therein͒ with the freezing temperatures T f agreeing with those obtained for bulk AuFe samples.
For the optical measurements a set of different spectrometers was employed. At the low-frequency end, between 10 and 30 cm −1 , a quasioptical spectrometer was used based on monochromatic and frequency tunable sources of radiationbackward-wave oscillators. 11 During the measurement the spectrum of transmission coefficient of the film on transparent silicon substrate is recorded. With the dielectric parameters of the substrate determined beforehand, the conductivity of the films is determined by fitting the transmissivity spectra with the corresponding expressions for the two-layer system. 8, 12 In the infrared spectral range ͑200-8000 cm −1 ͒, reflectivity spectra R͑͒ were measured using an infrared microscope connected to a Bruker IFS 66v Fourier-transform spectrometer. An aluminum mirror served as reference; its reflectivity was corrected by the literature data. 13 A Woollam variable-angle spectroscopic ellipsometer equipped with a Berek compensator was utilized to measure in the frequency range between 5000 and 3.3ϫ 10 4 cm −1 with a resolution of 200 cm −1 under multiple angles of incidence between 65°a nd 85°. From the ellipsometric measurements the real and imaginary parts of the refractive index are obtained which then allow us to directly evaluate any optical parameter such as the reflectivity R͑͒ or the conductivity ͑͒. All measurements were performed at room temperature. Figure 1 shows broadband spectra of the reflection coefficient of ͑a͒ a pure gold film and ͑b͒-͑d͒ three Au 1−x Fe x films on Si substrates with concentrations of Fe x = 6, 17, and 22 at. %, respectively. The data of frames ͑a͒ and ͑b͒ have been published previously. 9 While in the infrared frequency range the reflectivity R͑͒ is measured directly, the terahertz reflectivity is calculated on the basis of the conductivity determined from the transmission coefficient spectra. In the near infrared to ultraviolet range, R͑͒ is also calculated from ellipsometric directly measured optical parameters of the films. The oscillations observed at the low-frequency end come from multireflections within the plane-parallel Si substrates.
III. EXPERIMENTAL RESULTS
All spectra shown in Fig. 1 are typical for a metal; the reflectivity is high at low frequencies, and there is a clear plasma edge at the high-frequency end, around 2 ϫ 10 4 cm −1 ; at even higher frequencies electronic interband transitions are seen. With increasing Fe content, the absolute value of the low-frequency reflectivity drops and the plasma edge gets smoother. The decrease in the reflectivity for higher Fe concentrations is connected with a decrease in the dc and low-frequency conductivity, as discussed below in the following paragraph. The blackdashed and solid lines in Fig.  1 present fits of the reflectivity spectra assuming a twolayered system ͑film on a substrate͒. The dashed lines correspond to cases when only a Drude term for the complex conductivity was used to model the response of free carriers in the film, The dashed lines represent a fit by the Drude expression ͑1͒ for the conductivity of the film. The solid lines correspond to a fit including Drude ͑1͒ and Lorentzian ͑2͒ terms. Multireflections within the substrate cause the interference fringes at low frequencies.
were described with a Lorentzian oscillator term,
where ⌬⑀ is the dielectric contribution ͑strength͒ of the oscillator, 0 is the resonance frequency, and ␥ L is the damping. The reflectivity spectrum of pure gold film below the plasma edge is well described by the Drude reflectivity based on Eq. ͑1͒. For all AuFe films, however, clear deviations are observed at frequencies around 10 4 cm −1 , close to the position of the plasma edge. They indicate the presence of an additional band in this frequency range. We modeled this band with the Lorentzian term ͑2͒. As will be described later, the center frequency of the band shifts from roughly 1000 to 3000 cm −1 , and the damping increases from 2000 to 5000 cm −1 with Fe content. The solid lines in Fig. 1 show the results of fits, when both terms ͑1͒ and ͑2͒ were used. For all three films the quality of the fit around 10 4 cm −1 could be further improved by adding more Lorentzians; this implies that the shape of the band is more complicated than a simple Lorentzian.
The conductivity spectra of the five films are displayed in Fig. 2 . The dashed lines show the fits using just a Drude term ͑with Lorentzians for the interband transitions͒. The solid lines are fits with both taken into account, a Drude term ͓Eq. ͑1͔͒ and a Lorentzian oscillator ͓Eq. ͑2͔͒. The Lorentzian contributions are indicated separately by the dotted lines. As best seen from the compilation in panel ͑e͒, the lowfrequency conductivity is reduced and the charge carrier scattering rate becomes larger as the iron concentration increases. These behaviors are given in details in Fig. 3 , together with the concentration dependence of other Drude and Lorentz term parameters. The decrease in the plasma frequency of free carriers when going from pure gold to AuFe is a consequence of the spectral weight transfer from the Drude term to the Lorentzian. The analysis of the conductivity spectra reveals that the loss of the Drude spectral weight,
is recovered by the spectral weight of the Lorentz oscillator f L = ⌬⑀ 0 2 / 8. ͑ p is the plasma frequency of the free charge carriers; n, e, and m are their concentration, charge, and mass, respectively.͒ The lower panel of Fig. 3 presents the concentration dependences of the magnetic contribution to the resistivity by choosing the ac conductivity at a frequency of 10 cm −1 and taking the dc data from Ref. 14. The magnetic contribution is obtained by subtracting the resistivity of pure gold Au from the total resistivity. For low Fe concentrations ͑x Յ 4 at. %͒ the dc and the ac values practically coincide, while for larger iron content the dc magnetic resistivity is significantly higher. This is also demonstrated by the inset of Fig. 2͑a͒ where the ac ͑10 cm −1 ͒ and the dc conductivities are presented for different Fe concentrations; the higher the Fe concentration, the larger is the ac conductivity compared to the dc one.
IV. DISCUSSION
In pure gold, phonons are the main scattering mechanism at high temperatures. When iron is added to the gold matrix, we observe an increase in the free-carrier scattering rate ␥ D by about a factor of 10 for x = 22 at. %. We ascribe this change in the scattering mechanism to the additional magnetic scattering in AuFe. The rise of ␥ D and the slight decrease in the carrier plasma frequency lead to a reduction in the low-frequency ͑ Ӷ ␥ D ͒ conductivity.
The magnetic contribution to the zero-frequency resistivity can be calculated via 1 / 0 − Au , where 0 is obtained from the fit of the reflectivity spectra by the Drude expres- sion ͑1͒. Its concentration dependence is presented by crosses in Fig. 3͑c͒ together with the dependence of the ac magnetic resistivity ac magn =1/ ac − Au directly measured at 10 cm −1 ͑circles͒. Both quantities practically coincide, as expected for Ӷ ␥ D in case the Drude model is applicable. At the same time the concentration dependence of the ac magnetic resistivity is significantly different from that of the dc magnetic resistivity dc magn obtained by direct dc measurements on bulk samples.
14 While for low iron content x Յ 4 at. %, the two quantities dc magn and ac magn are equal within the experimental uncertainty, significant deviations are found for large x; the ac component is much smaller than the dc property, ac magn Ͻ dc magn . Based on numerous experiments over the last decades, the idea was established that due to direct-exchange coupling between the Fe moments, ferromagnetic clusters form and influence the physical properties and the phase diagram of AuFe. [15] [16] [17] [18] [19] In a rather broad range of temperatures and Fe concentrations, the properties of this system are governed by an interplay of RKKY and direct-exchange interactions between the Fe moments. 4, 5, 14, 20 The role that the clusters play becomes most important at high concentrations, above some critical value of x = 12-15 at. %. However, already at rather low values of x, even in the spin-glass phase, clusters affect the behavior of AuFe alloys. 4, 21 On the other hand, the RKKY interaction which is dominant in the spin-glass state also influences the properties for concentrations as high as x = 17 at. %. 16, 20 Our experimental findings suggest that ferromagnetic clusters exist in concentrated AuFe already at room temperature and that they are responsible for the observed difference between the magnetic components of the dc and ac resistivities as well as for the excitations discovered at 1000-3000 cm −1 ͑Fig. 2͒. For low concentrations, the magnetic moments are statistically distributed and randomly oriented. As x increases the moments are grouped in some regions forming magnetically ordered clusters. In a simplified picture, 22 the magnetic structure of clustered AuFe is sketched in Fig. 4 , corresponding to a concentration of 20 at. % of iron.
Within the clusters the conduction electrons interact with the ordered Fe moments, which decreases their energy by an amount given by the exchange coupling between the electron spin and the Fe moments and which leads to less magnetic scattering compared to the scattering off of randomly oriented moments in the Au matrix. In addition, the electrons experience the impeding potential from magnetic inhomogeneities at the cluster boundary. This can lead to an effective localization of conduction electrons within the clusterssome sort of magnetic polaronic effect-and cause excess resistance in the bulk material. Similar effects are observed in conducting magnetic systems with domain walls or grain boundaries. 23, 24 In general, localization causes a frequencydependent low-frequency conductivity that follows a power law ac ͑͒ ϰ s with s Ϸ 1 ͑Ref. 25͒; correspondingly, the ac resistivity is ac ϰ −s , implying that dc Ͼ ac , as observed in our AuFe samples. From the inset of Fig. 2 it is seen that the dispersion ac ͑͒ ϰ s takes place below the lowest frequencies of our measurements ͑10 cm −1 , 300 GHz͒ and starts to develop for x Ͼ 4 at. %.
In addition to the reduction in conductivity with rising Fe content in AuFe, we observe a broad absorption band at around 1000-3000 cm −1 . The spectral weight of the band is transferred from the itinerant electrons in pure Au to the peak in AuFe, which indicates its purely electronic character. We ascribe it to the electrons confined in the magnetic clusters. Compared to the gold matrix with disordered iron atoms, the clusters of ordered magnetic moments provide an advantageous environment in which the conduction electrons experience scattering events with a reduced rate. 26 The partial localization of the electrons may lead to a resonancelike band which in a first approximation can be modeled by a simple Lorentzian peak as shown in Fig. 2 . The facts that fitting with Lorentzian does not fully reproduce the measured reflectivity spectra of AuFe and that for larger Fe concentrations the damping parameter ␥ L of the band increases imply a more complicated line shape, connected with the real complex structure of the material, such as the distribution of cluster sizes and shapes, their possible overlapping, etc. From the plasma frequency of conducting electrons in gold p ͑Au͒Ϸ8.5ϫ 10 3 cm −1 and in AuFe ͑x = 6 at. %͒ p ͑AuFe͒Ϸ6 ϫ 10 3 cm −1 , we estimate that approximately 50% of the Drude spectral weight f D is transferred to this band, i.e., about 50% of itinerant electrons are effectively localized within the clusters. The remaining free electrons provide a metallic dc conductivity; hence no dc ͑T͒ ϰ T 1/4 dependence is observed in AuFe, 5 as expected for conduction systems with partially localized carriers. 25 The main changes in the optical properties of AuFe caused by cluster formation start to take place at concentrations between x = 4 and 6 at. %; already at x = 6 at. % the discrepancy between the dc and terahertz conductivities is clearly pronounced and the infrared peak is developed. This agrees well with the superparamagnetic behavior observed in AuFe with rather low Fe concentrations of about 5 at. %. 21 The development of a microscopic model for the optical response of highly conducting system with magnetic clusters or domains could yield further information about the real magnetic structure of the concentrated AuFe alloys on the basis of the optical conductivity spectra. Such model could give insight into the microscopic dynamics of spins and charges also in other magnetically inhomogeneous conductors, such as manganites, 27 ferromagnetic semiconductors, 28 intergrain magnetoresistance materials, 29 ferromagnet/ superconductor layer stacks, 30 materials with spin-polarized transport, 23 ferromagnetic oxides, 24 etc.
V. CONCLUSIONS
We have performed room-temperature measurements of the optical conductivity of Au 1−x Fe x system by varying the Fe content up to 22 at. % and covering a broad frequency range from 10 cm −1 to 3.3ϫ 10 4 cm −1 . For Fe concentrations below 4 at. % the magnetic contribution to the ac ͑at frequency 10 cm −1 ͒ and the dc resistivity of AuFe are practically equal while for higher concentrations the ac resistivity is significantly smaller. In addition, a broad absorption peak is observed at frequency of 1000-3000 cm −1 for concentrations 6 -22 at. %. Both observations are associated with ferromagnetic clusters that cause partial localization of conduction electrons.
